Abstract. It is hard to determine the equipment weight in the ship propulsion system health status evaluation. A device weight determination method based on fuzzy theory and variable weight theory is presented. In this method, expert knowledge is used to determine the initial weight of each device; variable weights theory is used to appropriately adjust devices weights combining with the actual health status of each device. Simulation analysis results show that the proposed propulsion system integrated status assessment method could reasonably reflect actual status, which proves it to be scientific and valid in engineering application.
Introduction
The purpose of propulsion system health state assessment is to directly reflect the actual operating conditions of the system and provide supports for ship maintenance. In order to evaluate the health state of complex system which composed of a lot of equipment, it is necessary to divide the system according to the structure of the system, and then use an appropriate method to synthesize the its health state.
Ship propulsion is a typical complex system with complex hierarchical structure and diverse working conditions. At present, the grading evaluation [1, 2] , single-level fuzzy processing [3, 4] and multi-layer fuzzy technology [5, 6] have been studied for complex system health status evaluation [7] . Geng et al. [8] studied a ship system and equipment technology status evaluation method based on fuzzy model. From the perspective of engineering application, the ship is divided into equipment, subsystem, system and other levels, the fuzzy theory and weighted synthesis method are used to assess the propulsion device technical status. Abou et al. [9] solved fuzzy characteristics problem of the ship propulsion system condition monitoring parameters by using the fuzzy logic method and realized the ship propulsion system health state assessment. Li et al. [10] proposed an improved fuzzy health evaluation method using the degradation degree function, dynamic threshold and variable weight, and evaluated the degradation status of the wind turbine with the actual monitoring data. The results show that the improved method is accurate and reliable.
Aiming at the health status evaluation of propulsion system, the key problem is to determine each equipment weight coefficient scientifically and rationally. Current, the weight determining method is less, single subjective weighting method is usually used which with a strong subjectivity [11] .
Expert fuzzy scoring method and variable weight health assessment method

Expert fuzzy scoring method
Considering the diversity and fuzziness of the propulsion system, the importance and the failure probability of equipment, each device weight coefficient is determined based on the expert fuzzy scoring method. In one condition, the propulsion system needs to start seven devices, the expert fuzzy score table is designed as shown in Table 1 . Assuming the influence of the health status of the equipment on the propulsion system status is divided into five levels showed by 1 to 5. As shown in the Table 1 , the expert I considers that the health state of the equipment 2 has a particularly large effect on the integrated state of the propulsion system, and its weight value is 5, and the health state of the device 1 has little effect on the propulsion system state, and its weight value is 1. Here 10 experts give the device weight coefficient of the system.
Assuming that the influence of the th expert on the th device to the propulsion system health state is , , where , is an integer of 1 to 5. Then, the evaluation value of the th device in the advancing system is: = ∑ , , where = 1, 2,…, 10 which is the number of experts. Then, the weighting coefficients = / ∑ are obtained by normalizing the score results, and the fuzzy weight value of the th device is obtained. The weighting coefficients of the device are obtained by = , , … , , and the element is the weight coefficient of the th device.
Variable weight health assessment method
The initial weight of each device is determined by the subjective weighting method. The variable weight synthesis principle is used to consider the imbalance of assessment result, dynamically reflect the equipment health status, assess the propulsion system health state objectively and accurately.
According to the health status of each device, the variable value of the propulsion system health state is determined by:
where ( ) is the initial weight of the device, and satisfies ∑ ( ) = 1; is the variable weight of the device; is the state value of the th device.
Which:
where ( , , … , ) represents the equilibrium function, that is, the gradient vector of the state variable weight vector ( ).
The state variable weight vector is a very important factor in the variable weight evaluation. If the state variable weight vector is selected, the variable weight law is determined. According to the gradient vector of the literature, the empirical formula and the equilibrium function ( ) = ∑ ( ∈ [0, 1]) are the most widely used variable weight vector. However, when the status of some devices is particularly small or even 0, this time is not suitable for the use of empirical formula. Therefore, in order to consider the equilibrium relations among the factors, we choose the gradient vector of the equilibrium function ( ) = ∑ ( ∈ [0, 1]) to construct the state variable weight vector. From the Eq. (2) and
Therefore, the health assessment of variable weight is:
In the health evaluation method, the variable weight principle is used to solve the problem that the health state of some equipment will affect the overall state of the whole system, and the evaluation result is more reliable and reasonable. The variable weight value reflects the equilibrium requirement, which affects the health evaluation result to a large extent. The practical application of a large number of engineering shows that = 0.2 can be applied to general engineering situation.
The method of weight determination combined expert fuzzy score with variable weight theory
In order to ensure the safety of the system, assessing the system health state scientifically and reasonably, a weight determining method combined expert fuzzy score with variable weight theory is proposed. According to the equipment important degree in the propulsion system and the historical experience of the equipment failures, the initial weight coefficient of each device is determined, and the weight coefficient is adjusted according to the equipment health variable theory.
Compared with the conventional method, the variable weight synthesis method can highlight the serious defects of the equipment and avoid the serious damage of one or several of the equipment cannot be reflected in the health state assessment, affecting the accuracy of the assessment results. It will show the serious defects of the equipment in the propulsion system health evaluation and provide a more accurate and effective guidance for the using and maintenance of the propulsion system.
Simulation analysis
In order to illustrate the effectiveness of the proposed method, assume that the propulsion system consisted by six devices: gearbox, shaft, sliding bearing, propeller, oil pump, cooling water pump, fuel pump. According to the expert fuzzy scoring method, the score results of five industry experts are showed in Table 2 . Consider the propulsion system is in the following five typical cases: 1) all equipment are in the optimal state; 2) all equipment are in a bad state; 3) all equipment are in a serious state of damage; 4) other equipment are in the normal state only sliding bearing is serious damaged; 5) Other equipment are in the normal state only oil pump is serious damaged. The validity of the health evaluation method is verified in Table 3, Table 4, Table 5, Table 6 and Table 7 . It can be concluded from Table 3 , Table 4 and Table 5 that the results of the variable weight method are the same as those obtained by the health assessment method when the health status of all the equipment is consistent. It indicates that the two methods can effectively reflect the actual state of the propulsion system.
Observe Table 6 , the other equipment is in the normal state only sliding bearing serious damage, you can find, often the weight of the health assessment of the results of 74.80, said the propulsion system is in a normal state; the proposed health assessment method to assess the results of 39.28, show the propulsion system is in a bad state. And then observe the Table 7 , the other equipment is in the normal state only a serious damage to the case of oil pump, you can see, often the weight of the health assessment of the results of 80.40, said the propulsion system in a normal state; proposed health assessment method to assess the results of 63.18, Indicating that the propulsion system is in a bad state. In both cases, there is a serious damage to the equipment; we need to carry out maintenance. The results of the conventional method cannot show the propulsion system actual state obviously, and the proposed evaluation method can effectively assess the actual state of the propulsion system and can provide the health evaluation value of the ship allegation system according to the actual situation. In the case of sliding bearings or fuel pumps of the propulsion system is severely damaged, compare the results of the two health state assessment methods, we can find that the health status results of the propulsion system by conventional method to are normal and required on maintenance. The results by the proposed method are in bad state and need maintenance. It can be found that the conventional method ignores the failure in the system and cannot reflect correctly the propulsion system state. The proposed health assessment method can effectively characterize the actual state of the propulsion system.
Conclusions
In order to determining the equipment weight of the propulsion system, a weight determination method combining fuzzy theory and variable weight theory is proposed. This method uses the expert knowledge to determine the initial weight of equipment according to the importance and the historical operation experience of the equipment. On this basis, combined with the actual health status of equipment, the weights are adjusted appropriately by the variable weight theory, which could reflect the system's actual state more reasonable. The simulation results showed that the proposed method could reflect actual status of propulsion system reasonably and effectively.
